There are continuing concerns over the safety of the nation's and the world's blood supply. The allogeneic blood supply is tested for antibodies to HIV1/2, HTLVI/II, hepatitis B, hepatitis C (HCV) and syphilis. Testing is also performed for donor ALT (SGOT) levels, for the presence of hepatitis B surface antigen, human immunodeficiency virus (HIV) p24 antigen and, using nucleic acid amplification testing (NAT), for HIV and HCV nucleic acids. Still, there are concerns regarding other pathogenic agents.
I. EMERGING INFECTIONS AND THE SAFETY OF THE BLOOD SUPPLY

Roger Y. Dodd, PhD*
There has been great progress in the assurance and maintenance of the microbiological safety of the blood supply. Indeed, the risk of being infected by a unit of blood has decreased by three to four orders of magnitude over the past thirty years. 1 Particular success has been achieved for hepatitis C and HIV/AIDS, where largescale implementation of nucleic acid testing has reduced the risk to negligible levels. 2 In contrast, little effort had been directed to a variety of parasitic and arthropodborne infections. Although most of these are very rarely transmitted by transfusion in the US, their importance is increasing relative to the declining risk of the more familiar transfusion-transmitted infections. In addition, many of these agents qualify as emerging infections.
Malaria
Malaria is one of the most widespread infections globally and is undoubtedly responsible for the majority of all cases of transfusion-transmitted disease in the world. On a global basis, there may be 300 to 500 million cases of malaria each year, although as few as 10% of all cases are reported. At any one time, as many as 250 million individuals may be circulating infectious parasites. The greatest threat of transmission by transfusion obviously occurs in those regions of greatest endemicity.
A number of factors are leading to an increased incidence of the disease, particularly in some areas previously thought to be free of infection. More specifically, climate change is leading to an expansion of the geographic range in which the parasite is effectively maintained and transmitted by the mosquito vectors. Further, the increased speed and range of population movement introduces many more infected individuals into areas in which conditions are suitable for the transmission of infection. Finally the geographic range of drug-resistant strains of the parasites is increasing.
Currently, malaria is a minor risk of transfusion in the United States, with only about one case for every 3-4 million units of blood transfused. 3 More importantly, this rate has been relatively constant for many years, as has the frequency of imported cases, which amount to about one thousand each year. This figure is strikingly low when compared to a similar number of imported cases in smaller countries such as Germany and Canada. These higher frequencies of disease represent differing travel patterns and, in the case of Canada, a liberal attitude towards refugee populations.
In the US, the risk of transfusion malaria is maintained at low levels by a policy of careful questioning about donor travel history. 4 Potential donors are deferred for one year after travel in a malarious area or three years if they have lived in such an area, or if they have a history of the disease itself. In addition, individuals who emigrated from a malarious area are deferred for three years after any subsequent travel to a malarious area in order to account for the fact that partial immunity can extend the incubation period. A number of recent cases of transfusion malaria have been attributed to failure of the questioning process itself or to unexpectedly long incubation periods for Plasmodium falciparum infection. Although there has been increased regulatory attention to the risk of malaria exposure among donors, it might be more important to assure that current screening procedures are conducted properly.
Concern continues about the risk of transfusion malaria in the US. Somewhat curiously, this concern has led to tightening of the requirements for deferral related to travel, with particular reference to casual travel to resort areas and cruise-ship ports of call, despite the absence of any evidence that these are a significant source of infection. Greater concern should perhaps be focused on so-called airport malaria, or mosquito transmitted infection with no ready epidemiologic explanation. Little can be done to prevent transmission in areas of high endemicity. However, transfusion recipients may be routinely treated with antimalarials as a prophylactic measure. Also, in endemic areas, the risk of malaria is not necessarily uniform, so it makes sense to avoid transferring blood from high-risk to low-risk areas. In addition, efforts are usually made to avoid collecting blood from individuals with a history of recent malaria. In some countries, serologic testing is used as an adjunct to a travel history. More specifically, those donors with a travel-related risk for malaria are tested, and their blood is used if the serologic test result is negative. Unfortunately, at the time of writing, the only test with adequate sensitivity and specificity is an immunofluorescence assay.
Chagas' disease
Chagas' disease is caused by the protozoan parasite Trypanosoma cruzi. This parasite is confined to the continental Americas, generally between latitudes 40 N and 40 S. It infects a wide range of mammalian species and is transmitted by hematophagous triatomine or reduviid bugs. Humans are accidental hosts and play little or no role in the normal cycle of the parasite. Human cases are essentially confined to parts of South and Central America and Mexico, where some 18-20 million individuals are thought to be infected and there may be a million new cases each year. Natural transmission to humans occurs when living conditions permit relatively close contact between infected mammals, the insect vector and humans. This occurs most frequently in rural areas with substandard housing with crevices or thatched roofs that harbor infected bugs. These insects bite the inhabitants of the house, usually during the night. During or after feeding, the bugs defecate; the feces contain high numbers of infectious forms of the parasite. The feces may then be rubbed into the mucous membranes or the bite site and, thus, the bite results in infection. Other infection routes are congenital or by blood transfusion. Prevalence rates vary considerably between and within countries. 5 There are significant and largely successful efforts to reduce the incidence of human infection in many of the affected countries.
Acute disease may occur after T. cruzi infection, but such disease is usually relatively mild, generally with flu-like symptoms. Acute disease and infection may be treated with nifurtimox or benznidazole, but both of these drugs are experimental and have severe side effects. At least 30-40% of infected individuals develop chronic, lifelong infection. Such infection is usually asymptomatic for many years, but cardiac or intestinal disease may occur and can be fatal. In particular cardiac arrhythmia is relatively common and unexpected cardiac deaths occur. Alternatively, chronically infected individuals may suffer from megacolon or megaesophagus.
Population movements have resulted in the introduction of T. cruzi-infected individuals into countries where the disease does not normally infect humans. These infected persons do offer a risk of transmission of the parasite, if they donate blood. There have been 6 reported cases of transfusion-transmitted T. cruzi in the US and Canada, for example.
Seroprevalence studies in the US have shown rates of 1 in 7,500 to 1 in 33,000. Case-control studies have shown that a questioning strategy to detect infected donors would neither be sensitive nor specific. In addition, there is suggestive evidence that a few seropositive donors may have been infected by the perinatal route, perhaps through as many as three family generations. 6, 7 Despite the measurable seroprevalence rates for T. cruzi in the US, the frequency of transmission by transfusion is not commensurate with these data, as defined by look-back studies or direct investigation of a popula-tion of patients receiving over 120,000 blood units in aggregate. Although six of the patients were positive for T. cruzi, their pretransfusion specimens were also positive. 8 Further studies are required to define the factors associated with transmission of this parasite.
Babesia
Babesia microti is a malaria-like parasite, transmitted by small ticks of the genus Ixodes. It is endemic among certain mammals in coastal areas of the Northeastern US and may be accidentally transmitted to humans. There are at least 36 reported cases of transmission of this agent by transfusion, resulting in some fatal outcomes. 9 There is evidence that this parasite may be spreading in range; 10 other related organisms have been found in widely scattered regions of North America, and two cases of transfusion disease have been attributed to WA1, one of these organisms. 11 Babesia spp. are widespread throughout the world, and there has been a report of transfusion transmission from Japan. 12 Serologic and laboratory studies are underway to define the seroprevalence and rates of parasitemia of B. microti. These rates may exceed 1% among blood donors from areas of high endemicity, and parasitemia is quite frequent (i.e. in more than 50% of antibody-positive individuals). At this time, there do not appear to be any effective methods for donor testing, and the most effective intervention is to avoid collecting blood from donors in endemic areas. This is particularly true during the summertime, when individuals are at greatest risk of tick-bites.
Other parasites
Although concern has been expressed about the potential for transmission of other parasitic diseases, there are few convincing reports of such transmission in the literature. Leishmania was a matter of concern some years ago, when an unusual visceral manifestation of L. tropica was noted among a few returnees from the Gulf war. However, there was no evidence of any transmission by transfusion, and a temporary deferral policy for these individuals was eventually rescinded. Toxoplasma has properties that are consistent with an ability to be transmitted by transfusion, but there are no definitive cases of such transmission in the contemporary literature.
Emerging viruses
A number of emerging viral diseases should be considered in terms of their potential for transmission by transfusion. Such potential requires that there be an asymptomatic, viremic phase and that the virus can survive in blood during storage. Perhaps the most dramatic example of an emerging virus is Ebola. In most cases, it appears that an infected individual becomes symptomatic shortly after infection and would be extremely unlikely to transmit the virus by transfusion. However, asymptomatic infection with evidence of a self-limited viremia has been reported.
West Nile virus has recently appeared in the US, apparently due to the increased volume of international travel. 13 This virus does have a brief period of viremia prior to the appearance of symptoms, and it is thought that 80% or more of all infections are essentially asymptomatic. Thus, the potential for transfusion transmission does exist, and there may be concern in the event of a widespread outbreak. However, closely related viruses do not appear to have been implicated in this route of transmission.
The recently recognized human herpesvirus 8, thought to be the etiologic agent of Kaposi's sarcoma, may have been a human pathogen for many years, centuries or more. However, its prevalence is probably increasing in at least some populations infected with HIV. It has been shown to be transmitted by organ transplantation 14 , but recipients of blood from seropositive individuals do not appear to have been infected in a limited number of cases evaluated. 15 Blood-borne transmission has been suggested to occur in the setting of injection drug use. 16 Further studies are underway. The continuing search for agents of transfusion-associated hepatitis has resulted in the recognition of at least two more groups of viruses. Again, however, these seem to be viruses that have existed in human populations for many years and are probably not emerging. The so-called hepatitis G virus is related to the flaviviruses and thus to hepatitis C virus (HCV). It is readily transmitted by transfusion but is not associated with any disease state (including liver disease). 17 Similarly, a large group of small DNA viruses, probably related to the circoviruses, has been recognized and shown to be almost ubiquitous among humans. Again, these viruses (including TTV and SEN-V) were originally isolated from patients with hepatitis, but it has not yet been possible to demonstrate the existence of any causal relationship.
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Transfusion-transmissible bacteria A number of bacterial infections have been shown to be transmissible by transfusion and some others have the potential for transmission. Perhaps the best-known of this group is Treponema pallidum, the etiologic agent of syphilis. In fact, there has been no recorded case of transfusion transmitted syphilis in the US since 1969. This is likely due to the fragility of the organism in the conditions currently used to store blood and to the decreased incidence of the disease. At this time, it is not known whether routine testing has any impact upon transmission. It is of interest to note that in a small pilot study, T. pallidum DNA could not be detected in 100 donor samples selected on the basis of positive syphilis serology. 19 Rickettsiae and other small intracellular bacteria could be transmitted by transfusion. There is a single case of transmission of Rocky Mountain spotted fever via this route and a potential case of transmission of Ehrlichia was reported in 1999. 9, 20 It is of interest that both of these agents are transmitted by ticks. In contrast, there is no evidence that Borrelia burgdorferi, the agent of Lyme disease and probably the most widespread tick-borne bacterium, has ever been transmitted by transfusion. 9 Brucella is considered to be a risk of transfusion in some locations, but there is only one report of a possible transmission in the literature of the last 25 years.
Outgrowth of Bacteria in Blood Components
A much more frequent and serious problem is the occurrence of septic reactions due to the presence of a substantial titer of contaminating bacteria in a blood component. Such reactions are often, but not always, dramatic, and among recognized cases, mortality is 25% or greater. A wide variety of organisms has been implicated. 21 The frequency of transfusion-induced sepsis is poorly defined. It is relatively low among red cell recipients, with a rate that is usually less than one in a million products. In almost all cases, red cell-related sepsis is due to psychrophilic organisms (i.e. those that can multiply at the low temperatures used for storage of red cells) that may reach high levels in concentrates that have been stored for two or more weeks. About half of the cases are caused by Yersinia enterocolitica and many of the remainder are due to Pseudomonas spp. The former probably enters the blood unit directly from the donor's bloodstream, while the latter appears to be an environmental contaminant.
The majority of cases of bacterial sepsis are seen among recipients of platelet concentrates. This is generally attributed to the relatively fast growth of bacteria in these components during storage at 20°C. Some studies suggest that one septic event may occur in about every 10,000 transfusions, but other observations show rates that may be substantially higher or lower. A wide variety of organisms are involved, ranging from skin bacteria, such as Staphylococci, to enteric organisms such as Salmonella; there are even a few reports of Enterobacter spp. A number of instances of sepsis due to Serratia marcescens have been reported, some as a result of contamination of the blood containers themselves during the manufacturing process.
There is considerable interest in the development of measures to reduce or prevent such septic events. These include use of automated culture methods to establish sterility or implementation of a number of tests designed to identify high titers of bacterial contaminants immediately prior to use of the component. In addition, it seems likely that methods designed to inactivate viruses in platelet concentrates will also be effective in eliminating contaminating bacteria. Some authorities believe that leukoreduction may have some impact upon bacterial contamination, but this approach should probably not be considered a primary defense.
II. PATHOGEN INACTIVATION OF THE BLOOD SUPPLY
Edward L. Snyder, MD*
Although the blood supply is already extremely safe, there are still concerns regarding the potential transmission of human immunodeficiency virus (HIV) and other viruses. This is the case, despite data from the Retrovirus Epidemiology Donor Study and other studies, indicating that the risk of receiving a unit of infectious blood is less than 1:500,000 for HIV, 1:100,000 for hepatitis C and l:70,000 for hepatitis B. In the United States and in other industrialized countries several tiers of safety are employed to ensure the purity of the blood supply. 1 The donor history provides the first major level. Several types of viral testing for the various transfusion transmitted diseases, including HIV l/2, human T cell lymphomaleukemia viruses (HTLV I/II), hepatitis C and hepatitis B, provides the second major level of protection. A third major tier of safety currently being developed is pathogen inactivation technology. 2 This technology calls for addition of various additives to blood products to inactivate viruses, bacteria, fungi, protozoa and other transfusion transmitted pathogens. None of the currently available systems are able to inactivate prions such as those that are believed to cause variant Creutzfeld-Jakob disease (vCJD).
Each of the three types of blood components, plasma including cryoprecipitate, platelet concentrates and red cells, requires special storage conditions. Similarly, each requires that special conditions be met to ensure that the pathogen inactivation technology does not destroy the blood component. It is easier to pathogen inactivate plasma and cryoprecipitate since there are no cellular elements contained in these blood components. However, robust technology also has been developed for inactivating viruses and other microorganisms in units of platelets and red cells.
Fresh Frozen Plasma
Currently, there are two approaches to plasma pathogen inactivation. The first is an FDA-licensed technique that * Blood Bank, Yale-New Haven Hospital, 20 York Street, CB-459, New Haven CT 06504-1001 uses solvent/detergent treatment. The second is an experimental plasma treatment system that incorporates UV-A light and a psoralen compound (S-59).
2 A third technology exists, but it does not inactivate pathogens. Rather, it extends the quarantine time of the unit of plasma coupled with subsequent retesting of the specific donor. This manipulation, known as delayed release/donor retested plasma, is not in wide use in the US today. Riboflavin inactivation technology is also being evaluated.
Solvent/Detergent Plasma
Pathogen inactivation technology for solvent/detergent plasma (SDP) involves the addition of a solvent, tri-nbutylphosphate (TNBP), and a detergent, triton X-100. 3 The solvent and detergent dissolve the wall of lipid enveloped viruses which include the viruses causing hepatitis B, hepatitis C, HIV, HTLV and many other viral agents including Epstein-Barr virus (EBV) and cytomegalovirus (CMV). It does not, however, affect proteincoated (non-lipid enveloped) viruses, most importantly, hepatitis A and parvovirus B19. For the SDP treatment process, plasma units that are collected and frozen either as source plasma or derived from plasmapheresis collections are thawed and pooled in lot sizes of about 500 liters (2,500 units (donors)/pool). The pool is incubated at 30 o C for 4 hours with 1% tri-n-butylphosphate and 1% triton X-100. The solvent and detergent are then removed by extraction with vegetable oil, followed by resin chromatographic purification. The processed SDP is then aliquoted into 200 mL ABO group-specific units, labeled, and distributed for use. SDP is thus available as an ABO blood group specific, pooled human plasma product. The solvent detergent pathogen inactivation process has virtually eliminated the risk of transmitting lipid enveloped viruses such as the ones mentioned above. Solvent/detergent technology has been used for many years in the manufacture of factor VIII, and intravenous immune globulin (IVIG). This process does not substantively alter or inactivate labile or stable coagulation factors or plasma proteins such as fibrinogen or immunoglobulins. [3] [4] [5] [6] The SDP is manufactured in a pharmaceutical plant environment following good manufacturing practices.
SDP is specifically indicated for use for replacement of coagulation factor deficiencies where no factor concentrate is available, 5 for treatment of thrombotic thrombocytopenic purpura (TTP), 7 for treatment of acquired multiple factor deficiencies such as is needed for reversal of warfarin therapy, treatment of hepatic failure, or bleeding due to a dilutional coagulopathy. 5, 7 These indications are identical to those for use of standard fresh frozen plasma (FFP) prepared from a single donor. In contrast to standard FFP, however, SDP lacks large von Willebrand factor multimers, provides more consistent levels of other coagulation factors since it is a pooled product, is provided in a standard volume (200 mL), and is derived from a pool up to 2,500 donors. This latter aspect has caused a problem for many physicians who feel that the use of a pooled product, despite the fact that it is pathogen inactivated, presents a greater hazard regarding transmission of hepatitis A, a non-enveloped virus. Indeed, there have been reports of hepatitis A transmission from pooled solvent/detergent treated coagulation factor concentrates. Another possible serious complication of SDP is transmission of parvovirus B19 in selected populations such as pregnant women. In this group, B19 infection is associated with spontaneous abortion and hydrops fetalis. In patients with chronic hemolytic anemia, B19 infection is associated with a higher risk of red cell aplasia or aplastic crises. Parvovirus B19 infection is also a serious concern in patients with chronic severe immunodeficiencies. However, many physicians who would not use SDP for such patients or those needing small volume transfusions would consider the use of SDP for treatment of patients with acute or recurrent TTP who require large numbers of transfusions. For such patients a pathogen inactivated product would have a safer risk-benefit profile, especially if all the plasma infused came from the same lot of SDP. Currently, lot release criteria have been established for parvovirus levels in units of SDP.
Although 2500 donors is a small pool size compared to the pool size of tens of thousands of donors used in the production of factor concentrates, and immune globulins, concerns still remain. SDP is used for transfusion in Germany, France, Austria, the Netherlands, Norway and Belgium. More than 2,000,000 units of SDP have been given worldwide without reports of virus transmission. Solvent/detergent treated factor concentrates have been reported to transmit hepatitis A and parvovirus B19, and notably they do not contain neutralizing antibodies. SDP, in contrast, does contain neutralizing antibody to these pathogens, and this is believed by some scientists to provide the added degree of protection. Little data are available on the use of SDP in neonates, infants and pregnant women. The rate of allergic reaction to SDP is similar to that of FFP. Some researchers have raised concerns regarding cost effectiveness of SDP. SDP is associated with a relatively high cost and provides relatively small benefit, especially with the implementation of nucleic acid testing (NAT) programs. It is estimated that SDP costs over $200,000 for one quality adjusted lifeyear saved. Some believe that this reality may not justify its widespread use. Others believe a safer product is preferable regardless of cost. A key concept is whether SDP as derived from a pool of donors, is a safer product.
SDP may be especially beneficial as protection against other lipid enveloped viruses for which there is no test. Due to the pool size, however, possible contamination of the donor pool with an unknown non-lipid enveloped pathogenic agent that is not inactivated by the solvent/detergent treatment poses a serious risk. One potential group of such agents is the prions associated with vCJD. Although not a single case of transfusion transmitted vCJD has ever been reported, this issue remains a concern related to the pool size of the final product.
A product, not yet licensed, referred to as Uniplas Solvent/Detergent is SDP from which anti-A and anti-B iso-agglutinin antibodies have been removed. This processing is designed to enhance the blood supply in emergency situations and in times of shortage when a specific ABO type of plasma may not be available. Uniplas Solvent/Detergent would eliminate transfusion reactions resulting from ABO mismatched plasma and would also simplify inventory logistics. In this product anti-A and anti-B IgG and IgM antibodies are removed by chromatography using A and B synthetic sugar antigens that are covalently bound to a resin. Isoagglutinin titers drop to less than 1:2; all the other specifications are identical to SDP. This material may find additional use in some situations but still retains the caveats regarding concerns about large pool size and disease transmission. The SDP treatment process cannot be used for pathogen inactivation of red blood cells and platelets since the solvent and detergent would dissolve the red cell and platelet membrane, thus rendering the cells useless. However, SDP can be added to units of both red cells and platelets.
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Psoralen S-59 Compounds A photochemical treatment system using a novel psoralen material (S-59, developed by Cerus and Baxter Corporations) and UV-A (long wavelength) ultraviolet light, has been developed to inactivate viruses in single donor units of FFP. A variety of in vitro studies have shown very effective viral inactivation by psoralen-UV-A treatment of FFP, coupled with preservation of coagulation factor and plasma protein activity. When exposed to UV-A, the S-59 forms non-reversible covalent monoadducts with DNA and RNA, resulting in inactivation of viruses, bacteria and other pathogens. The process also eliminated the mitotic capacity of leukocytes.
During photochemical treatment with psoralen-UV-A, individual units of plasma are either separated from whole blood or collected by apheresis technology and transferred into a plastic container. S-59 is added to a concentration 150 µM through an integral closed system into a UV-A transparent vessel containing the plasma and, after a 5 minute incubation, the S-59 treated plasma is illuminated with shaking for three minutes in a high intensity UV-A-light box. After illumination the plasma is transferred to another container with an S-59 reduction device (SRD), which is used to remove most of the photoproducts caused by light activation of the S-59. After S-59 reduction device processing for 1 hour, the plasma is transferred via a closed system into a final container for freezing at -18C and storage for up to 1 year. The system can be used to treat single 250-300 mL plasma units or jumbo units containing 500-600 mLs of plasma.
Wages et al 10 reported a phase I single blinded crossover study in 15 healthy individuals who were given both autologous FFP treated with S-59 and untreated autologous FFP as a control. No adverse events were attributed to transfusion of autologous S-59 treated FFP at any doses used up to 1 liter. Following infusion of S-59 FFP, there were no clinically significant changes in posttransfusion coagulation parameters. This phase I safety and tolerability trial in healthy subjects thus showed no adverse effects.
Preclinical studies performed without the additional SRD S-59 reduction treatment have similarly shown no clinically relevant toxicity. The use of the S-59 reduction device, however, will likely further ensure the safety of the process by minimizing residual levels of S-59 and its photoproducts. The S-59 UV-A technique can reduce the titers of cell-free HIV; cell associated HIV; bovine viral diarrhea virus (BVDV), an HCV surrogate; duck hepatitis B virus (DHBV), an HCV surrogate; and other lipid-enveloped pathogens by 5-6 log 10 . In addition, S-59 inactivates a spectrum of non-lipid enveloped viruses including parvovirus B19. Following treatment and freezing, functional coagulation activity is well preserved; factor VIII demonstrates the largest decrease post treatment but remains within a therapeutically acceptable range. Fibrinogen functional activity is about 80% of control values. A phase II warfarin challenge study was completed in 27 healthy adults each of whom donated about 2000 mL of plasma. 11 One liter was processed with S-59 UV-A photochemical treatment, the other liter was maintained as a standard FFP control. Following plasmapheresis, the subjects were treated with oral warfarin, 7.5 mg per day for 4 days to reduce factor VII levels. On the fourth day, they received a transfusion of either autologous photochemically treated FFP or autologous standard FFP, in random order. Following transfusion, the effect of FFP transfusion on various clotting factors and factor recovery was determined. Due to the short half-life of factor VII, the pharmacokinetics of factor VII clearance were also measured. The study demonstrated that photochemically treated FFP was well tolerated, appropriately reversed the effects of warfarin, and provided acceptable post transfusion recovery of vitamin K dependent factors. A variety of other S-59 clinical trials have been completed. These include studies of S-59 safety; effects of S-59 FFP treatment on the kinet-ics of factor VII, protein C and protein S; and studies of use of S-59 processed FFP for treatment of patients with congenital coagulopathies. Not currently licensed by the FDA, S-59-treated FFP is being evaluated in large scale phase III clinical trials for treatment of patients with acquired coagulopathies and TTP.
Platelet Concentrates
The S-59-UV-A treatment protocol for pathogen inactivation of platelets is similar to that described above for plasma. 2, [12] [13] [14] [15] [16] During the process of photoinactivation with S-59, the platelets are resuspended in a 300 mL volume containing a platelet additive solution known as PAS III. After illumination, the platelets are transferred to another container containing an S-59 reduction device (SRD) and incubated and agitated for 6 hours. After SRD incubation, the platelets are transferred via an integral closed system to a final container for 5 days of storage. Three clinical toxicology studies performed without the S-59 reduction device have shown no toxicity from the S-59 or its photoproducts. However, further reduction in S-59 levels should further enhance the safety margin. Photochemical treatment with S-59 showed inactivation of high levels (5 to 6 log 10 ) of HIV; CMV; DHBV, duck hepatitis B virus (an HBV surrogate); bovine viral diarrhea virus, (BVDV) an HCV surrogate; gram positive; and gram negative bacteria.
Studies using a chimpanzee infectivity model, demonstrated inactivation of community acquired inocula of HBV and HCV. Other studies have demonstrated inactivation of T. cruzi, P. malariae and other organisms in platelet concentrate. Preclinical trials have shown that S-59 UV-A does not adversely affect platelet concentrates during 5 days of storage. Clinical trials in healthy volunteers demonstrated that the photochemically treated platelets were well tolerated and safe and that they provided adequate platelet viability. 17 Recent studies of S-59 toxicity using a p53 carcinogenicity assay showed that exposure to S-59 over 6 months did not produce a greater number of tumors in heterozygote p53 knockout mice as compared to control mice without a p53 knockout. A large phase III clinical study using pooled buffy coats to assess hemostatic efficacy of photochemically treated platelets in thrombocytopenic patients, was recently completed in Europe (EuroSPRITE). 18 Another large clinical trial of S-59-treated plateletpheresis components was recently completed in the US. Results of these clinical trials are being evaluated.
Riboflavin
Riboflavin is another pathogen inactivation system for platelets. This compound is also activated by light. Riboflavin is an essential nutrient (vitamin B2) that absorbs visible and UV light. Upon exposure to light, riboflavin intercalates into DNA and RNA. Photolysis occurs and the complex is subject to guanine oxidation, single strand breaks and formation of covalent adducts. These processes are not oxygen dependent. As the safety record of riboflavin is well known clinically, the ability of this compound to inactivate blood pathogens including those in red cells, platelets and plasma, will be viewed with great interest. 19, 20 Red Blood Cells
S-303
Red blood cell pathogen inactivation programs are less clinically advanced than are plasma and platelet protocols. There are a variety of agents being studied. One approach, psoralen UV-A light, was not found to be useful since UV-A light is absorbed by hemoglobin, preventing the intercalation of the psoralen into the nucleic acid structure. Another agent currently being studied is coded as S-303. S-303 is one of a recently discovered class of compounds that inactivates viruses and bacteria in red cell concentrates by crosslinking DNA and RNA in a rapid pH-dependent light-independent reaction. The S-303 process uses a nucleic acid target system called Frangible Anchor Linker Effectors (FRALES). FRALES are tri-partite molecules with a nucleic acid anchor, an effector moiety that binds covalently to nucleic acid, and a frangible linker that breaks down, leading to compound inactivation. Upon addition to red cells that are stored at a neutral pH, FRALES react with nucleic acid and the frangible bond degrades leaving a breakdown product with a net negative charge no longer capable of nucleic acid binding. S-303 is the FRALE compound used in one major red cell pathogen inactivation program. For the treatment process the compound is added to red cell concentrates and incubated for 2 hours at room temperature to achieve pathogen inactivation. Following incubation for an additional 6 hours the red cell units are transferred to storage and stored in current generation red cell containers for up to 42 days. S-303 has demonstrated 21 robust inactivation of cell-free, cell associated, and proviral HIV; DHBV; herpes simplex virus, a model for CMV; BVDV agent; vesicular stomatitis virus and bacteriophage R-17. Multiple red cell function parameters showed no abnormal results when exposed to FRALE treatment.
Cook et al 22 analyzed red cell function after exposure to S-303 using a study design in which red cells were pooled and redistributed into various containers. The red cells were pelleted, the platelet poor plasma removed and the concentrates suspended in an additive solution and then treated with either 150 µg/mL of S-303 or left untreated as a control. No biologically significant differences were noted between the two arms during 42 days of storage, including the degree of hemolysis, potassium leakage, glucose consumption, lactate generation, the levels of ATP and 2-3 DGP. Red cell recovery and life span were evaluated in vivo, in mouse and dog models. No significant differences were found in red cell recovery between units treated with 150 µg/mL S-303 versus controls. Phase I clinical trials of transfusion of S-303 treated red cells in humans have been completed as have phase II studies. Phase III clinical trials are starting in fall 2001.
Dimethylmethylene Blue
Another material under investigation for pathogen-inactivation of red cells is dimethylmethylene blue. [23] [24] [25] This material functions similarly to methylene blue to kill viruses, but dimethylmethylene blue is more hydrophobic and can more easily enter cells. Wagner et al [23] [24] [25] found that dimethylmethylene blue and light inactivated several RNA and DNA model viruses and leukocytes under conditions that resulted in small decreases in RBC ATP and 2,3 DPG levels, less than 1% hemolysis, minimal alterations of osmotic fragility, negative direct antiglobulin tests in 11 of 13 samples, unchanged strength for 12 of 13 RBC antigens, unchanged RBC morphology, similar banding patterns in SDS-PAGE, and small alterations in potassium efflux during 42-day storage. Further trials will be required to determine if dimethylmethylene bluetreated cells have acceptable in vivo survival.
Inactine
A new pathogen inactivation technology using Inactine has been developed by the Vitex Corporation. 26 Inactine is a compound chemically related to binary ethyleneimine that is highly selective for nucleic acids. In the free state it has low reactivity for biomolecules, but electrostatic binding to nucleic acids results in the activation of Inactine to a reactive species. 26 Modifications of nucleic acids by ethyleneimines occurs principally by covalent interaction of the aziridino group with the N-7 position of guanine. 26 This results in the spontaneous opening of the imidazole ring structure. These structures are potent stop signals for DNA and RNA polymerases and the modified nucleic acids can no longer serve as templates for transcription or replication. 26 Inactine activation is not a photochemical process. It is mixed with red cells for 6-24 hours at room temperature during which time pathogen and leukocyte inactivation occurs. Residual Inactine is removed by cell washing. This process has been shown to have high efficiency kill against a broad spectrum of pathogens. Toxicity and mutagenicity studies reported to date have all been unremarkable. Recent reports by Aubuchon and others [27] [28] [29] [30] showed that Inactine is useful for pathogen inactivation of red blood cells. Accordingly, Inactine is another pathogen inactivation system which will need to be evaluated for eventual licensure for treatment of red cells.
As outlined by Corash, 2 many research efforts are being put forth to develop a third level of safety for the blood supply using pathogen inactivation technologies. There are a variety of technologies available for inactivation of FFP due to the relative ease of viral inactivation of a non-cellular material. Progress is also being made in development of S-59 and riboflavin-based therapies for inactivation of platelets and S-303, riboflavin and Inactine technologies for pathogen inactivation of red cells. Despite the reality that there is a very low risk of transfusion transmitted disease, the public perception that the blood supply is still unsafe persists. This perception will likely remain a concern for the foreseeable future as bacteria, rickettsia, 31 viruses such as Ebola, Japanese encephalitis, Hanta, CMV, and parasitic diseases such as babesiosis, malaria and Chagas' disease continue to plague the blood supply. Even today, new viruses unheard of by most non-virologists and certainly by the public at large, including retroviruses such as animal Simian Foamy Virus (SFV), are starting to enter the blood supply with as yet, unknown consequences. 32 Techniques aimed at developing non-human sources of blood products, i.e., red cells or other blood components made from cell culture lines in commercial processing plants, are being pursued. Other means of providing an effective increase in blood count without transfusion are also being studied, such as use of hematopoietic cytokines.
Pathogen inactivation will likely be required in the future if only because there are just too many pathogens. It is too expensive for society to develop a new assay for each of the hundreds of yet to be addressed pathogens threatening the blood supply. It is also too expensive to replace lost donors. Pathogen inactivation will also address concerns in real-time. That is the pathogen inactivated material will already be in the blood bag waiting to inactivate pathogens we may not even realize are present in the donor's blood. Thus, pathogen inactivation technology will be helping to ensure the safety of the blood supply even, perhaps, against bio-terrorist attack. Hospitals can no longer afford to pay for a series of expensive tests for each " pathogen du jour" that makes the headlines. Pathogen inactivation of the blood supply should be in the form of a single unit treatment format for it is unlikely that a pooled approach such as was used with SDP will be acceptable due to concerns over exposure to large numbers of donors and the potential spread of prion disease. A successful pathogen inactivation technology will need to have a low toxicity and be safe for most patients including neonates, pediatric age patients, renal and hepatic failure patients, the elderly and the immunosuppressed, both congenital and acquired. It must also be cost-reasonable. This is a major issue and one likely to be debated for years.
Development of methods for pathogen inactivation will remain an active area of research in transfusion medicine well into the 21st century. Indeed, pathogen inactivation technology is yet one more defensive maneuver developed by man in his never-ending struggle against a bewildering and likely innumerable horde of pathogens ready to, and capable of, invading the blood supply.
